Abstract: Digital coherent superposition (DCS) for optical orthogonal frequency-division multiplexing (OFDM) subcarrier pairs with Hermitian symmetry can simultaneously reduce the inter-carrier interference (ICI) from laser phase noise and cancel the fiber nonlinearity to the first order. In this paper, we study an interesting scenario, where we upgrade the conventional OFDM with 4-quadrature amplitude modulation (QAM) to DCS-OFDM with 16-QAM, which have equal spectrum efficiency and require no change on hardware. We conduct a simulation to compare the tolerance to the laser phase noise and fiber nonlinearity, which are the main concerns for such an upgrading. First, the 16-QAM DCS-OFDM relaxes the laser linewidth requirement and performs better with a smaller fast Fourier transform size. Second, the nonlinear tolerance of 16-QAM DCS-OFDM is better when the nonlinear effects appear. The nonlinear tolerance of DCS-OFDM depends on the dispersion compensation scheme. The maximum SNR improvement is 3.4 dB with full post-dispersion compensation, and it can increase to 6.6 dB with symmetrical dispersion compensation at the launch power of 4 dBm. Finally, we verify that the maximum SNR improvement of 16-QAM DCS-OFDM with full post-dispersion compensation is 3.7 dB at the launch power of 6.2 dBm in the experiment.
Introduction
Thanks to the rapid advances in modern digital signal processing (DSP), coherent optical OFDM (CO-OFDM) has been demonstrated for its various advantages in both long-haul transmission and broadband optical fiber access network [1] - [5] . To maximize the transmission capacity and simultaneously ascertain the transmission performance, adaptive algorithm is introduced into the OFDM signal generation, e.g., adaptive bit-loading (BL), power-loading (PL), and bit-power-loading (BPL) over all subcarriers according to the channel condition [6] , [7] . Partial carrier filling (PCF) is also one kind of adaptive algorithm adjusting with the channel variation. Meanwhile, Liu et al. have demonstrated digital coherent superposition (DCS) as an efficient solution to combat fiber nonlinearity in phase-conjugated twin waves (PCTW) single carrier fiber transmissions [8] , [9] . Yi et al. have extended the DCS to optical OFDM (DCS-OFDM) and demonstrated the tolerance improvement to the laser phase noise with little additional complexity [10] , [11] . Considering the DCS-OFDM can be easily realized by software redefinition, therefore, we can regard it as an alternative adaptive algorithm, e.g., when the transmission performance of 4-quadrature amplitude modulation (QAM) conventional OFDM is limited, then we can substitute it by 16-QAM DCS-OFDM without spectrum efficiency decrease and hardware change. This adaptive scheme certainly raises some typical questions when upgrading a system from 4-QAM to 16-QAM, such as the tolerance of higher modulation format to linear phase noise and fiber nonlinearity.
In this paper, we compare the 16-QAM DCS-OFDM with Hermitian symmetry with 4-QAM conventional optical OFDM transmission at the same spectrum efficiency and demonstrate that the transmission performance is not degrading but even better at certain regions when changing to 16-QAM DCS-OFDM. In simulations, we compare the two schemes at the same sampling rate of 20 GS/s and the raw transmission bitrates are both 35.6 Gb/s. We conduct simulations of the two schemes at different laser linewidths and find that the 16-QAM DCS-OFDM performs better than 4-QAM conventional OFDM with laser linewidth below 6 MHz at length of 128. The tolerance to laser phase noise for the two schemes is related to fast Fourier transform (FFT) size, and they both perform better with a smaller FFT size. Compared with 4-QAM conventional OFDM, the improvement by DCS for 16-QAM-OFDM become more pronounced as the FFT size and OSNR increase. We also demonstrate that the 16-QAM DCS-OFDM has a better performance compared with 4-QAM conventional OFDM in a certain nonlinear transmission region by simulations and experiments. In simulation, the SNR improvement is 3.4 dB with full post dispersion compensation and it can increases to 6.6 dB with a symmetry dispersion map at the launch power of 4 dBm. In the experiment, the maximum SNR improvement is 3.7 dB with full post dispersion compensation at the launch power of 6.2 dBm. Based on our simulation and experiment, 16-QAM DCS-OFDM can be a purely software-based adaptive scheme for upgrading the conventional OFDM for a better transmission performance in a certain region.
Simulation Setup and Performance Comparison
We have demonstrated that DCS can combat the laser phase noise in optical OFDM systems [11] . The inter-carrier interference (ICI) due to the phase noise can be reduced because of the Hermitian symmetry [10] . However, this method halves the spectrum efficiency. In order to maintain the same spectrum efficiency, we use 16-QAM for DCS-OFDM to investigate the tolerance to the laser phase noise and fiber nonlinearity. We can realize the 16-QAM DCS-OFDM scheme by software redefinition and there is no need to modify the sample rate of DAC and other hardware in the conventional optical OFDM, which cannot be easily realized in single carrier systems.
VPItransmissionMaker 9.1 is used for simulation. We pair up the OFDM subcarriers with Hermitian symmetry as XðN À k Þ ¼ X Ã ðk Þ, which means the k th subcarrier and its symmetric subcarrier are complex conjugate. The sampling rate of DAC is 20 GS/s for the two schemes. We transmit 200 OFDM symbols and the symbols are transferred to the time domain by an IFFT of size 128, followed by a 16-length cyclic prefix (CP) insertion. The OFDM subcarrier bandwidth are equal for the two schemes, which is important to investigate the effect of the laser phase [2] . The raw data rates for the two schemes are 35.6 Gb/s. At the receiver, we reuse the redundant subcarriers to realize DCS to mitigate the phase noise.
Tolerance to Laser Phase Noise
The laser linewidth causes linear phase noise leading to ICI in optical OFDM transmissions. Higher order QAM is more sensitive to phase noise and has a more stringent requirement on laser linewidth, which requires higher SNR to guarantee the performance [12] , [13] . DCS is known as a method to combat the linear phase noise derived from the laser linewidth in the transmitter and the receiver. Therefore, we examine the influence of laser linewidth for 4-QAM conventional OFDM and 16-QAM DCS-OFDM at back-to-back condition to compare the linear phase noise tolerance.
As shown in Fig. 1(a) , 16-QAM DCS-OFDM has a better phase noise tolerance when the laser linewidth is equal to or below 6 MHz at FFT of size 128 with an OFDM subcarrier rate of 156.25 MHz, and the performance degrades more sharply as the laser linewidth increases. We attribute this to the ICI power cancellation to the second order by DCS using Taylor expansion, however, the ICI power is related to the ratio of laser linewidth to OFDM subcarrier symbol rate after expanding to the fourth order [14] . The ICI power of DCS-OFDM increases as the laser linewidth increases. Therefore, the transmission performance for 16-QAM DCS-OFDM is degrading more sharply at higher linewidth. However, it is a relaxation of laser linewidth for 16-QAM signals by DCS-OFDM scheme. As the FFT size has a relationship with ICI power, we also conduct a comparison by doubling and tripling the FFT size. The phase noise tolerance for both transmissions are degrading as the FFT size increases. The 16-QAM DCS-OFDM performs better at laser linewidth below 4 MHz or 3 MHz at FFT of size 256 or 512. As the laser linewidth increases, both transmissions show performance degradation. The performance of 4-QAM conventional OFDM also degrade sharply at a higher laser linewidth because the ICI power increases linearly with the laser linewidth and the FFT size. The tolerance of laser linewidth become closer for the two schemes when the FFT size increases and the 16-QAM DCS-OFDM performs better at a lower laser linewidth. The advantage of 16-QAM DCS-OFDM is larger compared with 4-QAM conventional OFDM when the FFT size increases. In Fig. 1(b) , we further investigate the BER versus OSNR for the two schemes at laser linewidth of 1 MHz. From Fig. 1(b) , the 4-QAM conventional OFDM is slightly better when the BER is around 2 Â 10 À2 for SD-FEC systems for three FFT sizes. The OSNR penalty for 16-QAM DCS-OFDM is about 1 dB at FFT size of 128 and BER of 1 Â 10 À3 , which is because higher order modulation is more sensitive to noise. As the laser linewidth increase further, it will be the main limited factor and the transmission performance cannot be substantially improved by increasing OSNR. However, when doubling and tripling the FFT size, we find that the 4-QAM conventional OFDM is more sensitive to FFT size which is due to ICI power increasing with the FFT size. In comparison, laser linewidth is not a limitation when changing from 4-QAM conventional OFDM to 16-QAM DCS-OFDM. The improvement by DCS for 16-QAM-OFDM become more pronounced compared with 4-QAM conventional OFDM as the FFT size and OSNR increase.
Nonlinear Tolerance
We also conduct simulations to investigate the nonlinear tolerance for 16-QAM DCS-OFDM and 4-QAM conventional OFDM. The PAPR is related to the subcarrier number which is the same for the two schemes. Therefore, the PAPR performance is similar for the two schemes. We mainly focus on the fiber nonlinearity. The laser linewidth is 100 kHz. The transmission link consists of 10 spans of 80-km standard single mode fiber (SSMF) with a dispersion coefficient and a nonlinear Kerr coefficient are 16 ps/nm/km and 1.31 W-1 km-1, respectively. The gain and the noise figure (NF) of EDFA are 16 dB and 5 dB, respectively. The received OSNR is 18 dB. In [15] , when a symmetric dispersion map is applied, the nonlinear distortions experienced for two polarizations are anticorrelated in PCTWs and, hence, leading to the first-order cancellation of nonlinear distortions. Similarly, the nonlinear tolerance also can be improved with a symmetric dispersion map in DCS-OFDM when we substitute the OFDM data with Hermitian symmetry into the nonlinear distortion expression and deduce the nonlinear distortion relationship of the symmetric subcarrier pairs as À½XðL; N À k Þ Ã ¼ XðL; k Þ, which means the first order nonlinear distortions are also anticorrelated for the Hermitian symmetric subcarrier pairs after L length fiber transmission. Therefore, we can simultaneously reduce the ICI from laser phase noise and cancel the fiber nonlinearity to the first order in DCS-OFDM. Because the nonlinear mitigation depends on dispersion compensation scheme, we compare three cases in simulations, and they are: the conventional OFDM with 4-QAM, DCS-OFDM with 16-QAM while the dispersion totally compensated at the receiver (100% Post Comp.), and DCS-OFDM with 16-QAM while the fiber dispersion half pre-and half post-compensated (50% 50% Comp.). The dispersion compensation fiber (DCF) is applied for dispersion compensation. We elect the estimated SNR to evaluate the performance [6] . Fig. 2 shows the SNR performance of the three cases versus the launch power after 800-km fiber transmission. The SNR improvement is apparent after DCS in the nonlinear transmission region. The SNR is further improved under a symmetric dispersion map and the maximum SNR improvement is 3.2 dB compared with total post compensation at the launch power of 4 dBm. The optimum launch power is increased by 1 dB. The 16-QAM DCS-OFDM with a symmetric dispersion map has a better transmission performance because of the first-order nonlinear mitigation. Then, we compare it with the conventional 4-QAM. The SNR difference is also shown in Fig. 2 by the dashed line. At the linear region with lower launch power, the performance of 4-QAM is better because the lower modulation has a better tolerance to noise. The SNR improvement increases as the nonlinearity appears. The maximum SNR improvement is 3.4 dB with full post-compensation and it can increase to 6.6 dB with a symmetric dispersion compensation at the launch power of 4 dBm. Correspondingly, the constellations for 16-QAM DCS-OFDM and 4-QAM conventional OFDM are on the right side. The constellation for 16-QAM has a better convergence after DCS. Meanwhile, the BER for 16-QAM DCS-OFDM is 1:8 Â 10
À5
and for conventional OFDM with 4-QAM is 9:03 Â 10 À4 . There is still 3.9 dB SNR improvement, even at the launch power of 6 dBm and the corresponding BER is 7:0 Â 10 À3 for 16-QAM and 8:2 Â 10 À3 for 4-QAM. By numerical simulations, we find that 16-QAM DCS-OFDM performs better than 4-QAM conventional OFDM when the SNR improvement is more than 3 dB. As the nonlinear effects further increase, the SNR improvement is decreasing which may result from the higher order nonlinear effects which cannot be mitigated by DCS. In short, we verify that the DCS can combat the fiber nonlinearity, and we can benefit from DCS when upgrading from 4-QAM conventional OFDM to 16-QAM DCS-OFDM.
Experimental Verification
We also conduct an experiment to compare the nonlinear tolerance for the two schemes to verify the simulation results. The experimental platform is the same as [10] . The transmitter uses a comb generator to emulate the multiple laser sources. The transmitted OFDM sequence with 4-QAM or 16-QAM are generated off-line. The 4-QAM signal is up-converted to optical domain by an optical I/Q modulator, while the 16-QAM signal is up-converted by an IM modulator biased at null. Both of them are driven by an arbitrary waveform generator (AWG) operated at the same sampling rate of 10 GS/s. Therefore, the 16-QAM DCS-OFDM with Hermitian symmetry has the same spectrum efficiency and transmission bit rate with the 4-QAM conventional OFDM. OFDM signal is further duplicated into three copies, or a super-channel [16] , by another IM modulator driven at 6.875 GHz. The raw bit rate of two schemes are 36.7 Gb/s. The transmission link is 22 spans of 80-km standard single-mode fiber (SSMF) only using Raman amplification to compensate the fiber loss. Both the transmitter and receiver lasers have a claimed laser linewidth below 100 kHz. Fig. 3 shows the SNR performance of 4-QAM conventional OFDM and 16-QAM DCS-OFDM at different launch power. The dashed line is SNR improvement. As the simulation results, the 4-QAM conventional OFDM performs better at the linear transmission region with lower optical launch power. While in a certain nonlinear region, the 16-QAM DCS-OFDM outperforms the 4-QAM conventional OFDM. The maximum SNR improvement is 3.7 dB at the launch power of 6.2 dBm. Meanwhile, the BERs for 16-QAM and 4-QAM at 6.2 dBm optical launch power are 1:5 Â 10 À4 and 2:6 Â 10 À4 , respectively. The optimum launch powers of the 4-QAM conventional OFDM and 16-QAM DCS-OFDM are 2.6 dBm and 5.2 dBm. Due to the limited symbols used for BER calculation, there is almost no error at the optimum launch power for both schemes. So, we use the SNR to compare the optimum performance and the SNRs are 15.4 dB and 18.6 dB for the 4-QAM and 16-QAM at the optimum launch power of 2.6 dBm and 5.2 dBm, respectively. There is over 3 dB SNR improvement for the 16-QAM DCS-OFDM. The 16-QAM DCS-OFDM with full post compensation still has better performance at a certain nonlinear region. If a symmetry dispersion compensation is applied, the SNR improvement will be even larger, as shown by the simulation results. 
Conclusion
In this paper, we have compared the performance of 16-QAM DCS-OFDM with 4-QAM conventional OFDM at the same spectrum efficiency. The 16-QAM DCS-OFDM relaxes the laser linewidth requirement and performs better with a smaller FFT size. As the FFT size and OSNR increase, the improvement by DCS for 16-QAM-OFDM become more pronounced compared with 4-QAM conventional OFDM. We also conduct simulations to examine the nonlinearity tolerance for the two schemes. The 16-QAM DCS-OFDM performs better than 4-QAM conventional OFDM when the nonlinear effects appear. The SNR improvement can increase to 6.6 dB at the launch power of 4 dBm with a symmetry dispersion map. The nonlinear tolerance of DCS-OFDM is also verified by experiment with full post dispersion compensation and the maximum SNR improvement is 3.7 dB at the launch power of 6.2 dBm. In short, 16-QAM DCS-OFDM can be a purely software-based adaptive scheme for upgrading the conventional OFDM for a better transmission performance in a certain region.
